The regulation of RNA transcription is central to cellular function. Changes in gene expression drive differentiation and cellular responses to events such as injury. RNA trafficking can also have a large impact on protein expression and its localization. Thus, the ability to image RNA transcription and trafficking in real time and in living cells is a worthwhile goal that has been difficult to achieve. The availability of "light-up" aptamers that cause an increase in fluorescence of their ligands when bound by the aptamer have shown promise for reporting on RNA production and localization in vivo. Here we have investigated two light-up aptamers (the malachite green aptamer and the Spinach aptamers) for their suitabilities as reporters of RNA expression in vivo using two eukaryotic cell types, yeast and mammalian. Our analysis focused on the aptamer ligands, their contributions to background noise, and the impact of tandem aptamer strings on signal strength and ligand affinity. Whereas the background fluorescence is very low in vitro, this is not always true for cell imaging. Our results suggest the need for caution in using light-up aptamers as reporters for imaging RNA. In particular, images should be collected and analyzed by operators blinded to the sample identities. The appropriate control condition of ligand with the cells in the absence of aptamer expression must be included in each experiment. This control condition establishes that the specific interaction of ligand with aptamer, rather than nonspecific interactions with unknown cell elements, is responsible for the observed fluorescent signals. High background signals due to nonspecific interactions of aptamer ligands with cell components can be minimized by using IMAGEtags (Intracellular Multiaptamer GEnetic tags), which signal by FRET and are promising RNA reporters for imaging transcription. 
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Abstract
The regulation of RNA transcription is central to cellular function. Changes in gene expression drive differentiation and cellular responses to events such as injury. RNA trafficking can also have a large impact on protein expression and its localization. Thus, the ability to image RNA transcription and trafficking in real time and in living cells is a worthwhile goal that has been difficult to achieve. The availability of "light-up" aptamers that cause an increase in fluorescence of their ligands when bound by the aptamer have shown promise for reporting on RNA production and localization in vivo. Here we have investigated two light-up aptamers (the malachite green aptamer and the Spinach aptamers) for their suitability as reporters of RNA expression in vivo using two eukaryotic cell types, yeast and mammalian. Our analysis focused on the aptamer ligands, their contributions to background noise, and the impact of tandem aptamer strings on signal strength and ligand affinity. Whereas the background fluorescence is very low in vitro, this is not always true for cell imaging. Our results suggest the need for caution in using light-up aptamers as reporters for imaging RNA. In particular, images should be collected and analyzed by operators blinded to the sample identities. The appropriate control condition of ligand with the cells in the absence of aptamer expression must be included in each experiment. This control condition establishes that the specific interaction of ligand with aptamer, rather than nonspecific interactions with unknown cell elements, is responsible for the observed fluorescent signals. High background signals due to nonspecific interactions of aptamer ligands with cell components can be minimized by using IMAGEtags (Intracellular Multiaptamer GEnetic tags), which signal by FRET and are promising RNA reporters for imaging transcription.
INTRODUCTION
Light-up aptamers, which create a fluorescent signal on binding their ligands, are promising sensors for in vitro homogeneous assays and for applications in vivo. Although many lightup strategies require that the aptamer be chemically modified with a fluorophore, which is not possible for in vivo reporting, a subcategory with in vivo application is the group of aptamers for which binding with the aptamer increases ligand fluorescence. These aptamers include those that bind triphenylmethanes [1] , bisbenzimides [2] , imidazoles [3] , and the benzothiazolidene asymmetric cyanine dye, thiazole orange [4] . When linked to other aptamers that drive their ability to bind ligand, these light-up aptamers can report on the presence of analytes in vitro that range from metabolites to proteins depending on the linked aptamer's specificity [5; 6] .
Expanding the options for monitoring transcriptional and metabolic activities of living cells is important for advancing understanding of cell behavior, particularly when cells are in their natural environments (such as tissues or microbial communities) consisting of many cell types and signals that are not distributed equally through the population. With their abilities to faithfully fold and function inside cells, aptamers can uniquely fill this niche for intracellular quantitative biology. Aptamers have been applied as reporters of intracellular metabolite levels [7; 8] and to image transcription and RNA localization in real time and in living cells [3; 9; 10] .
For imaging, the ratio of signal to noise of the aptamer-driven light-up signal should be high. Whereas signal/noise can be optimized in vitro by changing aptamer, ligand and buffer constituents, the inviolability of the cytoplasmic environment leaves only aptamer and its ligand to optimize for in vivo function. There are also additional important parameters for in vivo imaging, which include the ability of the aptamer ligand to enter the cells, no toxicity of the ligand and the faithfulness of correct aptamer folding in vivo.
Of the light-up aptamers with applications to intracellular signaling [1; 2; 3; 4; 10], the malachite green (MGA) and Spinach2 (SPN2A) aptamers have the highest signal/noise when assayed in vitro. This contrast is much higher than achieved with the MS2-based aptamer reporters that were developed for real-time monitoring of transcription using aptamers that recognize peptides fused to GFP [11; 12] . Although the MGA and SPN2A have similar affinities for their ligands, malachite green (MG) and many of its chemical variants are toxic to mammalian cells and yeast [13] , DFHBI, the Spinach ligand is not toxic [3] . However, the in vivo signals received from Spinach [3; 9] and even the improved Spinach2 [10] are quite weak and not adequate for reporting on cellular mRNA levels [9] . The possibility of expanding the repertoire of aptamer reporters to enable the simultaneous tracking of more than one mRNA in a single cell motivated us to explore the use of light-up aptamers as a complement to IMAGEtags, from which a FRET signal is derived [9] .
Here we have examined two aspects of light-up aptamers that are important for realtime in vivo imaging. The first is the aptamer ligand, its signal strength and lack of signal on nonspecific interaction with cellular contents. The second is the impact of tandem aptamers on fluorescent output and aptamer affinity. The outcome of this work is 1) identification of a new higher affinity ligand for Spinach aptamers with higher fluorescent yield than DFHBI, 2) demonstration that, when applied to imaging cells, several light-up aptamers give a high background fluorescence that can be largely overcome by using FRET-based aptamer reporters such as IMAGEtags [9] , and 3) the finding that Spinach aptamers and MGAs perform independently when present as multiple tandem copies in a single RNA molecule and they do not cooperate synergistically for higher affinity or unit fluorescent yield.
MATERIALS AND METHODS

Reagents
Buffer IC (13.5 Spinach2 aptamers and tandem malachite green aptamers were prepared by in vitro transcription with the AmpliScribe T7 flash in vitro transcription kit (Epicenter, Madison, WI) from templates created by oligonucleotide annealing and PCR amplification. The Spinach2 RNA sequence [10] included the additional two Gs at the 5' end that are added by T7 polymerase during in vitro transcription. The single unit malachite green aptamer was purchased from Integrated DNA Technologies (IDT; Coralville, IA). Sequences of aptamers used in this study are found in the Supplementary materials.
Synthesis of imidazolone derivatives
The general procedure for the preparation of Spinach ligands was: To the azlactone (0.200 g, 0.711 mmol) in ethanol (10 mL) was added a solution of the primary amine (0.853 mmol) in ethanol (10 mL) followed by potassium carbonate (0.1474 g, 1.07 mmol). The reaction mixture was boiled for 12 h. After cooling to room temperature, solvent was removed by evaporation. Water (15 mL) was added and the pH was adjusted to 3 using 1 M HCl. The solution was left overnight at 4 °C and the resulting precipitated product was captured by filtration. The products were yellow solids. Additional purification of PFP-DFHBI was required after collecting the precipitate from water at pH = 3. PFP-DFHBI was purified by preparative TLC on silica gel with EtOAc -Hex, 1:1. Rf = 0.7 (EtOAc -Hex, 1:1). Each compound resolved as one spot on TLC. NMR and high resolution mass spectrometry data for DFHBI matched the data reported in the literature. The NMR and high resolution mass spectrometry data for PFP-DFHBI were consistent with the assigned structure: 
Cell culture
The mink lung epithelial cell line, Mv1Lu (ATCC, CCL64, Manassas, VA), was obtained from R. W. Holley and maintained as monolayer cultures in Dulbecco-Vogt's medium (DMEM) containing 0.45 % glucose, 10 % calf serum, 10 units/ml penicillin and 10 µg/ml streptomycin. Chinese hamster ovary (CHO) cells were maintained as monolayer cultures in F12 medium, 10 % calf serum, 10 units/ml penicillin and 10 µg/ml streptomycin. Both cell lines were cultured at 37 °C, in a water-saturated atmosphere with 10 % CO 2 in air.
Yeast cells were cultured at 30 °C in SD-uracil medium containing 2 % glucose for the growth period until they reach OD 600 1.0 at which time they were incubated with the aptamer ligands (either with DFHBI or PFP-DFHBI) for 60 minutes prior to imaging. Yeast strains used in this study were: BY4735: MATα ade2Δ::hisG his3Δ200leu2Δ0met15Δ0trp1Δ63ura3Δ0::ppGAL1.MCS16.pYES2/JJR1.2, which expresses the control RNA, BY4735:MATαade2Δ::hisGhis3Δ200leu2Δ0met15Δ0trp1Δ63ura3Δ0[pp5S. 5SrRNA.tRNA(Lys)aSpinachtRNA(Lys)Term.pYES2/JJR167.1], which expresses Spinach RNA in a tRNA cassette, BY4735:MATαade2Δ::hisGhis3Δ200leu2Δ0met15Δ0trp1Δ63ura3Δ0pp5S. 5SrRNA.tRNA(Lys)a2xSpinach2-tRNA(Lys)Term. pYES2/JJR300.2, which expresses two tandem Spinach2 aptamers and BY4735:MATαade2Δ::hisGhis3Δ200leu2Δ0met15Δ0trp1Δ63ura3Δ0::pGAL1a6xPDC::pJJ R1, which expresses the 6xPDC IMAGEtag [9] .
Fluorescence measurements
Fluorescence intensities were measured by a Varian Cary Eclipse spectrofluorometer or a Biotek Synergy 2 plate reader. The dissociation constants (K d ) of the aptamer-ligand complexes were determined by measuring the increase in fluorescence with increasing ligand concentration while the aptamer concentration was held constant. RNA (1 µM) was incubated for 30 min at 23 °C with 10 µM DFHBI in S buffer with 5% DMSO. Fluorescence intensities were measured with λ ex = 447 nm and λ em = 501 nm with 5 nm slit widths. The fluorescence data, normalized to the maximum value in each dataset, was fit in Microsoft Excel using the Solver Add-in (GRG Non-linear method) and the equation
, where F is fluorescence, L is the concentration of ligand, n is the Hill coefficient, and K d is the binding constant. The fit was calculated by instructing the Solver to minimize the sum of the squares while allowing F min , F max , n, K d to vary.
Live cell imaging
For light-up aptamer imaging, the yeast cells were preincubated for 60 min with aptamer ligands, DFHBI or PFP-DFHBI, placed on a poly L-lysine coated cover glass or a poly Dlysine coated glass bottom culture dish (MatTek) then observed with a Leica SP5X laser scanning confocal microscope through a 63X objective and immersion oil. Excitation was by a 470 nm white light laser (WLL, Leica) and the fluorescence images were taken using emission filters of 475-550 nm. Each field was selected randomly prior to collecting the fluorescence images, which were subsequently collected after focusing the field using DIC.
For FRET measurements, yeast cells were incubated with the Cy3-and Cy5-linked PDC ligands [9; 22] and FRET images by sensitized emission were collected using a Leica SP5X laser scanning confocal microscope with a 63X objective and immersion oil. Cells were imaged by a sequential scan, in the first sequence cells were excited by a 550 nm white light laser (WLL, Leica) and FRET images were taken to measure sensitized emission using emission filters for FRET at 660-754 nm and 560-626 nm for the Cy3 donor. In the second sequence cell were excited at 650 nm and Cy5 emission was recorded at 660-754 nm. MuLv1 transfection was mediated by the K2 Transfection System (Biontex Laboratories GmbH). The plasmids for transfection expressed the Spinach aptamer (SPN1A) or dsRed from a CMV promoter. Cells were transfected with the dsRed-expressing plasmid with or without the SPN1A-expressing plasmid. Twenty four hours after transfection, either DFHBI or PFP-DFHBI was added to a final concentration of 20 µM, 0.1% DMSO and incubated at 37°C in 10% CO 2 for 45 min prior to imaging using a Leica confocal microscope (Leica SP5 X MP confocal/multiphoton microscope system).
RESULTS
PFP-DFHBI, a DFHBI analog with higher affinity and fluorescent yield
A limitation for using the Spinach and Spinach2 aptamers for live-cell imaging is the weak signal from DFHBI. To improve on this signal we prepared a new ligand PFP-DFHBI (Fig.  1A) , which binds Spinach2 with a ~5-fold higher affinity than DFHBI (Fig. 1B) . The K d of Spinach2 for DFHBI is 0.88 ± 0.010 µM compared with a K d of 0.16 ± 0.060 µM for Spinach2 and PFP-DFHBI. The fluorescent yield of the PFP-DFHBI-Spinach2 complex is also higher than for the DFHBI-Spinach complex (Fig. 1C) . These measurements were made in the buffer in which the Spinach aptamer was selected (Buffer S). However, Buffer S contains 5 mM MgCl 2 , which is significantly higher than the free Mg 2+ ion concentration in the eukaryotic cytoplasm [16; 20] . The dependence of Spinach2 on MgCl 2 is evident when its affinity for DFHBI is measured in Buffer IC, which is formulated to resemble the eukaryotic cytoplasm salt concentrations (Fig. 1D) . In Buffer IC, the affinity of Spinach2 for DFHBI plummets by 10-fold compared with in Buffer S. This reveals one reason for the weakness of the signal from intracellular Spinach aptamers and DFHBI. The effect of raising the Mg 2+ concentration of Buffer IC to 5 mM is to increase the affinity to close to the K d for DFHBI in Buffer S (Fig. 1D) . By contrast, PFP-DFHBI binds equally well to Spinach2 in Buffers S and IC. Compared with DFHBI, the fluorescence yield of PFP-DFHBI is increased 3.0-fold in buffer S and 3.8-fold in buffer IC.
Spinach2 and MGA Multimers show increased ligand binding capacities but the same affinities
The strength of Spinach2 signal from an RNA reporter molecule can be increased if the reporter contains multiple tandem aptamers. If constructed to allow each aptamer to fold properly for ligand binding, the increase in brightness per RNA will be a linear function of the number of aptamers as observed for the Spinach2 aptamer ( Fig. 2A) . Affinity for ligand is also important because intracellular ligand concentrations are expected to reach levels much lower than outside the cell. Tandem aptamers have been reported to have higher affinities than single aptamers for their protein ligands [23; 24] . However, 2xSPN2A showed no increase in affinity for DFHBI or PFP-DFHBI either in Buffer S (Fig. 2B,D ) or in Buffer IC (Fig. 2C,D) .
We also tested tandem multimers of the MGA, another light-up aptamer for which the aptamer-ligand complex shows ~2360-fold increase in MG fluorescence [ Fig. 3A, 1] ). In the supplemental materials for a previous study, the data for multimers of one through five MGA aptamers showed an interesting step-wise increase in fluorescence intensity with increasing number of aptamers that is tightly defined by the small estimates of error that is better fit to a polynomial rather than a straight line [1] . Strings of 4 and 8 tandem MGA aptamers were compared with the single aptamer for their binding capacities at saturating ligand concentrations and their ligand affinities. As for Spinach2, the MGA multiaptamers (4xMGA and 8xMGA) bound MG in proportion to the number of tandem aptamers (Fig.  3B) . Although we observed an apparent small increase in affinity with increasing numbers of tandem aptamers (Fig 3C,D) , this increase was not statistically significant.
Imaging RNA transcription in mammalian cells
The MGA was tested for its ability to report on RNA expression in mammalian cells. A control RNA or an RNA reporter containing four tandem MGA aptamers were expressed from the human U6 promoter in transiently transfected CHO cells. An increase in fluorescence was observed in cells that expressed the MGA (Fig. 4A) . However, the effective imaging period was limited to less than 10 min because the background fluorescence increased rapidly with time ( Fig. 4B) , thereby decreasing signal/noise until the aptamer reporter signal could not be observed above the background.
The Spinach aptamer was tested for its ability to report on RNA expression from a CMV promoter in MuVL1 cells. The background from both DFHBI and PFP-DFHBI was undetectable. However, under our conditions, we were unable to observe a signal from the Spinach reporter from an RNA Pol II promoter (Fig. 4C) even though the majority of cells were transfected (as evidenced by the DsRed images).
Imaging RNA transcription in yeast
We tested the ability of Spinach and 2xSPN2A to report on RNA expression in yeast. The yeast 5S promoter was used to drive aptamer reporter or control RNA expression. As we have observed previously [9] the DFHBI signal was very weak and very few cells were fluorescent (Fig. 5A) . By contrast, the PFP-DFHBI signal was quite strong. Whereas signal was observed in only 6% of the 955 cells examined that had been incubated with DFHBI, 56% of the 340 cells examined were visibly fluorescent that had been incubated with PFP-DFHBI. However, comparison of fluorescence intensity per cell showed that the signal was equally strong in cells that expressed or did not express 2xSpinach2 (Fig. 5A,B) . Closer analysis of the cells showed that the high background with PFP-DFHBI was not due to accumulation of the compound in the vacuoles (Fig. 5D ). However, staining over the cells was granular for both DFHBI and PFP-DFHBI, which suggested that these compounds were accumulating preferentially in certain cell compartments.
A high background of ligand retention such as observed with PFP-DFHBI and MG can be circumvented if tandem aptamer reporters are used in conjunction with ligand FRET pairs as shown for IMAGEtags [9] . Whereas the Cy3-PDC and Cy5-PDC ligands each give a significant background fluorescence (Fig. 5D ), the FRET image, which requires that both ligands be held in close proximity by tandem aptamers, effectively reports on RNA expression from the GAL1 promoter (Fig. 5E ).
DISCUSSION
Light-up aptamers have the capability of reporting on transcriptional activity and being monitored in real-time in living cells. However, to realize their promise, the sensitivity of aptamer detection in cells must be increased. For reporters such as Spinach2 and MGA, the sensitivity can be increased by increasing the length of tandem aptamers and by improving the ligand for cell permeability, aptamer affinity, and increased signal strength. We have tested two light-up aptamers and their ligands for their efficacy in reporting on RNA expression in yeast and mammalian cells and compared them to FRET-based IMAGEtags [9] .
For increased signal strength from the Spinach aptamers, we identified a new ligand, PFP-DFHBI, that binds with a 40-fold higher affinity in intracellular conditions and for which binding is unaffected by the low intracellular free Mg 2+ concentrations. The new ligand gives a brighter signal upon binding SPN2A with a 3-fold increase in fluorescence yield compared with the currently used Spinach aptamer ligand, DFHBI. The interaction of PFP-DFHBI with Spinach is independent of Mg 2+ , which is important for intracellular activity of the aptamer.
Increased signal strength can also be achieved with multiple aptamers per RNA reporter. A nonlinear increase in fluorescence emission with respect to aptamer numbers was shown in an early study in which it was suggested that each second aptamer might serve the function of a spacer and that increasing the spacer length could enable a linear increase in fluorescence intensity with number of aptamers [supplemental materials for ref . 1] . Whereas the previous constructs included 6 base spacers between aptamers, our multimers have 7 bases between most MGAs in the string with 19 bases between sets of 4 aptamers. Although the two results differ quantitatively, our results and the previously reported results are in agreement that the fluorescence intensity of multimers increases with the number of tandem aptamers.
Others have reported significant increases in affinities of aptamer that recognize proteins when the aptamers are linked in tandem [23; 24] . Ligand affinity was not evaluated for the previously reported MGA multimers [1] and we show here that the Spinach and the MGA tandem aptamers bind their ligands with the same affinity as the monomeric forms. These RNA aptamers recognize much smaller molecules than the aptamers for which affinity increases of tandem arrays have been reported. Based on the expectation that the off-rate of the aptamer-ligand equilibrium likely determines the affinity, we postulate that the basis of the observed increase in affinity with tandem aptamers is the ability of one aptamer to capture a ligand released by another. Molecular diffusion rates are an inverse function of molecular size and the more rapid movement of the small molecule ligands from the aptamers may disallow immediate recapture by an adjacent aptamer. However, these in vitro studies were performed in a buffer of low viscosity. Affinities of tandem aptamers may be higher than single aptamers in the more viscous intracellular environment.
An increase in signal was obtained in mammalian cells with the 4xMGA reporter for RNA expressed from the human U6 (Pol III) promoter. However, the rapidly increasing intracellular background prevents the use of the MGA for imaging long-term activities in mammalian cells. Also, MG is highly toxic to mammalian cells and yeast [13] , which makes this light-up aptamer a poor choice as a reporter for RNA expression in living cells.
A critical weakness of the light-up aptamer approach for signaling RNA expression in living cells is that light-up ligands tend to fluoresce when they bind intracellular components and thereby decrease the signal/noise such that imaging is difficult or impossible. In cases where no background signal is produced by the light-up ligand (such as DFHBI), the reporter signal is also low and very few cells are labeled. With a brighter ligand such as PFP-DFHBI, it can clearly be seen that fluorescence per cell varies, with some cells being brighter than the others in the population. The cells were not always randomly distributed in a field and some areas contained a large number of cells with either higher or lower levels of fluorescence (Figs. S1, S2 ). However, in yeast, the same average fluorescence was observed per cell from the control, Spinach2 or tandem Spinach2 aptamer reporters. These results underline the need to examine large fields, rather than focusing on a few cells, and to follow good practices in analysis by microscopy, which include random selection of several fields and performing image collection and analysis by individuals blinded to the identities of the samples.
The Spinach aptamers have been used to detect 5S RNA and trinucleotide repeats in mammalian cells [3; 10; 21; 25] . These cellular RNA levels are very high, which may account for the observed signal from the reporters. By comparison, we were unable to detect RNA expressed from the CMV promoter, a pol II promoter, using the Spinach reporters. The ability to use light-up aptamer reporters may also depend on the cell type. A comparison of the background fluorescence from PFP-DFHBI for yeast and mammalian cells suggests that the light-up ligands may enter yeast cells more readily than mammalian cells. Whereas the light-up aptamer approach does not provide a signal for RNA expression in yeast, approaches that involve a change in the fluorescent properties of the aptamer ligand when it binds the aptamer, such as release of fluorescence quenching by turn-on aptamers [26; 27] , or FRET as shown here with IMAGEtags [9] and by others with protein reporters [12; 28] , are effective reporters of transcription even when the ligand adsorbs non-specifically to cellular materials.
CONCLUSION
From these studies we conclude that light-up aptamers will prove difficult to apply generally as in vivo reporters of RNA expression. The presence of high backgrounds that are not observed in vitro, necessitate that all studies with light-up aptamers include control conditions in which the ligand alone is present and that image collection and analysis is based on random selection of fields for analysis and performed by individuals blinded to the identities of the samples. Approaches that minimize background fluorescence, such as FRET-based aptamer reporters or turn-on reporters that require aptamer binding for fluorescence output, can be successfully applied to imaging RNA in living cells.
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